This work aims at presenting the state-of-the-art about the influence of the activity of olive endogenous enzymes, as well as of the application of adjuvants in olive oil technology, discussing their influence on the composition of virgin olive oil, especially in phenols and volatile compounds.
Introduction
The world production of olive oil accounted for 2.4 million tons in 2014, whereas world consumption represents about 3.0 million tons per year (International Olive Council, IOC, 2014) . Olive groves account for close to 5 million hectares in the European Union (EU), representing about 1.9 million farms with olive groves. Olive oil production in the EU represents around 73% of world production. Spain, Italy, and Greece account for about 97% of EU olive oil production, with Spain producing approximately 62% of this amount (EC, 2012) . The proportion of groves located in disadvantaged zones (mountainous areas and areas with specific disadvantages) is significant, representing 88% of total area in Portugal. In terms of oil quality, in 2009 Spain produced 35% of extra virgin oil, 32% of virgin oil, and 33% of lampante oil. The respective figures for Italy in relation to these three categories of oil are 59, 18, and 24%, respectively. Consumption models differ in the EU's three main producer countries. In Italy and Greece, the majority of oil consumed is extra virgin, whereas in Spain this category represents less than half of the consumption (EC, 2012) . However, the general trend is towards the consumption of extra virgin olive oils (EVOO). This trend is based on the general perception of the consumers that extra virgin olive oil category is the best one in terms of health benefits. Also, its sensory properties reflect the sensory character of each monocultivar or blend of cultivars of olives of origin. The presence in olive oil of minor components with antioxidant potential, as well as its high content in monounsaturated fatty acids appear to be essential for the beneficial effect of this food (Trichopoulou and Dilis, 2007) . Thus, sensory properties and health characteristics of olive oil are linked to its chemical characteristics, in particular to the presence of several minor components, which are strongly influenced by the operational conditions in the technological extraction process. Therefore, they may be considered as analytical markers of the quality of olive oil processing.
Olive characteristics are probably the key factor that influences the final virgin olive oil (VOO) quality. The chemical and biochemical properties of the fruits rely on some agronomic practices and several studies point out their effect on minor components of VOO. Cultivar, ripening stage, edapho-climatic conditions and irrigation management are some of the factors that can influence the behavior of the enzymes present in olive pulp and seeds Aparicio and Luna, 2002; Berenguer et al., 2006; Perez et al., 2014; Servili et al., 2004) . Under adequate extraction conditions, extra virgin olive oils are always produced when healthy olives are used, whichever the olive cultivar processed. Only olives attacked by pests and diseases, or fallen to the ground before harvesting, produce olive oils with off-flavors. Other defective sensory notes in VOO are due to inadequate harvesting, postharvesting, processing or oil storage (Alba et al., 2008) .
Moreover, the production of high-quality VOO at the highest yield and minimum cost, as well as using an environmentally friendly olive oil production, is more and more requested (Garc ıa-Gonz alez and Aparicio, 2010) . Consequently, since 1992, the use of "ecological" technologies (two phase decanter) had the greatest impact in the characteristics of VOO, in the last 25 years.
Although this great progress in olive oil technology, the quality of the obtained oil and the extraction yield are still to be optimized, producing an important economic loss for the oil sector (Chiacchierini et al., 2007) . Considering the ecosustainability and lower environmental impact of enzymes, the use of biotechnology in olive oil industry, has also been studied for several years (Alba et al., 1990; Alba-Mendoza et al., 1987; Aliakbarian et al., 2008; Chih et al., 2012; Duarte-Costa and Sameiro, 1978; Ranalli and De Mattia, 1997; Ranalli et al., 2005) . The use of several inert processing aids, as well, has been tested to increase olive oil extraction yield (Caponio et al., 2014a; Cert et al., 1996; Moya et al., 2010; Peres et al., 2014) .
The enzymatic activities of olives, and consequently the nutritional and the sensory quality of the product, depend on the technological conditions. The changes in VOO characteristics mainly occur in phenol and volatile compounds, which influence decisively VOO nutritional and sensory characteristics (Angerosa, 2000; Clodoveo et al., 2014) .
The extraction of olive oil has three main steps: preparation of the paste (crushing and malaxation), solid-liquid and liquidliquid separations. For every extraction process (solid-liquid separation type), the factors that can be changed are: temperature, time, adjuvants, amount of processing water, and oxygen.
The aim of this work is to present the state-of-the-art about the influence of the activity of olive endogenous enzymes, as well as of the application of adjuvants in olive oil industry, discussing their influence on chemical and sensory characteristics of VOO.
Main olive enzymes involved in olive oil extraction process
In order to evaluate the need for using processing aids in VOO industry, the knowledge of how endogenous enzymes of olive fruits act during ripening, as well as along the extraction process, should be an important information to better control the physical parameters that influence the activity of those enzymes (Clodoveo et al., 2014) .
The olive fruit is a drupe and its components are the exocarp or skin, the mesocarp or pulp, and the endocarp or pit, which consists of a woody shell enclosing one or two seeds. Olives contain several enzyme complexes, distributed differently in several parts of the fruits, like pectinases, lipases, lipoxygenases, glycosidases, peroxidases and polyphenol oxidases, among others, that have been extensively studied (Garc ıa-Rodr ıguez et al., 2011; M ınguez-Mosquera et al., 2002; Panzanaro et al., 2010; Romero-Segura et al., 2012; S anchezOrtiz et al., 2011; Taticchi et al., 2013) .
It is well known the role of enzymes in food processing and in the decrease of the quality of postharvest of fruits. However, in the case of olive fruits this effect has been scarcely studied and very little is known about the complexity of the enzyme composition of the fruits and their influence on the quality of olive oil. However, it is believed that the different types of the existing enzymes, the content and specific activity in the different parts of the fruit may explain some aspects of olive oil technology.
Oxidoreductases
Oxidoreductases catalyze oxidation-reduction reactions that can play an important role in taste, flavor and nutritional value of VOO.
These enzymes catalyze oxidation-reduction reactions in which hydrogen or oxygen atoms or electrons are transferred between molecules, and are classified depending on the substrate they act (Ram ırez et al., 2003) . This class includes lipoxygenases, polyphenol oxidases, and peroxidases, among others.
Lipoxygenases
Plant lipoxygenases (LOX) are a class of widespread dioxygenases catalyzing the hydroperoxidation of polyunsaturated fatty acids.
LOX (EC 1.13.11.12) catalyzes the oxidation of fatty acids containing cis,cis-1,4-pentadiene groups to produce the corresponding conjugated unsaturated hydroperoxides, which are the precursors of important volatile compounds of olive oil . Therefore, the preferred substrates of LOX are linoleic and linolenic acids while oleic acid is not oxidized (Belitz et al., 2009) . LOX is also capable of use a relatively broad range of other compounds as substrate like carotenoids and polyphenols (Laane et al., 2003) .
LOX is a metal-bound protein with a nonheme Fe-atom in its active center; the enzyme is activated by its products and during activation Fe 2C is oxidized to Fe 3C . According to Belitz et al. (2009) , the catalyzed oxidation pathway is assumed to have the following reaction steps:
(a) Abstraction of a methylene hydrogen atom from the substrate's 1,4-pentadiene system and oxidation of the hydrogen atom to a proton; (b) The pentadienyl radical bound to the enzyme is then rearranged into a conjugated diene system, followed by the uptake of oxygen; (c) The peroxy radical formed is then reduced by the enzyme and, after attachment of a proton, the hydroperoxide formed is released. Lipoxygenases from plants mostly exhibit 9-or 13-regiospecificity. Furthermore, regiospecificity studies indicated that the olive lipoxygenase is a 13-LOX, with the preferential production of 13(S)-ZE(Z)-isomers of fatty acid hydroperoxides (80%) (Salas et al., 2000) . This specificity data is in good agreement with the composition of olive oil volatiles, in which C6 unsaturated aldehydes and alcohols predominate, these being produced from 13 hydroperoxylinolenic acid (Morales et al., 1995) .
Two LOX cDNA clones, Oep1LOX2 and Oep2LOX2, have been isolated from olive (Olea europaea cv. Picual). Expression levels of both genes were measured in the mesocarp and seeds during development and ripening of Picual and Arbequina olive fruit and linolenic acid proved to be the preferred substrate; analyses of reaction products showed that both enzymes produce primarily 13-hydroperoxides from linoleic and linolenic acids (Padilla et al., 2009) .
Lipoxygenase activity has been detected in olive mesocarp and also in oil bodies extracted from olive endosperms (Georgalaki et al., 1998) . LOX activity is higher in seeds (Servili et al., 2007) (Table 1) .
Maximum LOX activity was found in cvs. Kalamata, Ascolana Tenera, and FS17 at pH 6.0, using linoleic acid as substrate; the maximum LOX activity was measured at 30 C (Lorenzi et al., 2006; Ridolfi et al., 2002) . Salas et al. (2000) reported that olive LOX is localized in chloroplasts, thylakoids, and microsomes and that the optimum pH is 5.
The high levels of LOX activity detected at early stages of fruit development suggest that in olives, as in other plants, this enzyme is important in the physiological response to stress. A steady decrease of LOX activity was observed at more advanced stages of maturation, from 25 to 35 weeks after anthesis, when the fruits are normally harvested for oil extraction . In early ripening stages, with Cobrançosa olives from irrigated and rain fed orchards, it was not possible to establish any trend in LOX activity measured in fruit mesocarp ( Table 2) .
The widespread presence of the C6-and C9-aldehydes shows that enzymatic-oxidative cleavage of linoleic and linolenic acids by the enzymes lipoxygenase, hydroperoxide-lyase and, if necessary, an aldehyde-isomerase, generally contributes to the formation of aroma in several foods (Belitz et al., 2009) . Along the olive oil extraction, the lipoxygenase pathway is very active during the steps of preparation of paste, i.e., crushing and malaxation. Thus, the aroma of the final VOO will be a function of the activity levels and characteristics of the enzymes involved in LOX pathway (Angerosa et al., 2004; Salas et al., 2000) . Figure 1 shows a scheme of the LOX pathway with its three different branches for the production of volatiles.
The branch coming from linoleic acid gave rise to hexanal, hexan-1-ol, and hexyl acetate; the former and the latter were responsible for desirable perceptions. This branch could be seen as the green-sweet aspect of the global green flavor. The second branch could be responsible for the main green notes perception, giving rise to cis-3-hexenal, cis-3-hexen-1-ol, and cis-3-hexenyl acetate. The third branch (trans-2-hexenal and trans-2-hexen-1-ol) could be considered as the bitter-astringent aspect of the green sensory perceptions .
Thus, analysis of volatile fractions from virgin olive oils by GCxGC-ToFMS showed that virgin olive oil odorants consist of a complex mixture of more than two hundred volatile compounds, among which saturated and unsaturated aldehydes, alcohols and esters of alcohols of six carbon atoms are especially abundant, accounting for more than 80% of all of the volatile components in all of the samples analyzed (Peres et al., 2013a) . Particularly important was the concentration of the aldehyde trans-2-hexenal, which was also reported in several other studies to account itself for more than 50% of those volatile fractions in European olive oils (Angerosa and Basti, 2003; Angerosa et al., 1999; Aparicio et al., 2012; Berlioz et al., 2006; Campeol et al., 2003; Cavalli et al., 2004; Tena et al., 2007; Tura et al., 2013; Vichi et al., 2003) .
Virgin olive oils produced from healthy fruits, where the LOX pathway is the predominant source of compounds biogeneration, are usually described by perception of fruity sensations, freshly cut grass, green fruits such as apple, banana, or vegetables like artichoke, celery or tomato, accompanied by more or less intense taste notes of bitterness and pungency (Angerosa, 2002; Aparicio and Luna, 2002; Cerretani et al., 2008c) . This confirms that most of the volatile compounds responsible for the "green odor" notes of the aroma of fruits and vegetables are produced by the degradation of polyunsaturated fatty acids through the lipoxygenase pathway (Hatanaka, 1996) (Fig. 2) .
The profile of volatile compounds present in the aroma of virgin olive oils with sensory defects is quite different (Garc ıa-Gonz alez and Garc ıa-Gonz alez et al., 2007; Morales et al., 2005) . In those oils the concentrations of C6 and C5 compounds are quite lower than those detected in high quality oils or those compounds are even completely absent (Vichi et al., 2008) . Oils from microbiologically contaminated olives showed lower amounts of C5 volatiles and higher levels Table 2 . LOX activity (substrate linoleic acid) in 'Cobrançosa' mesocarp in early ripening stages in two years and in two olive groves (RF-rain fed; IR-irrigated) Georgalaki et al. (1998) of C6 volatiles from the lipoxygenase pathway and some fermentation products (Vichi et al., 2011) . Penicillium (a storage fungi) was identified as the most potent enzyme producer in olives microbiota, with yields for LOX of 6.8 U mg ¡1 (Fakas et al., 2010) .
At the same time, C7-C11 monounsaturated aldehydes or C6, C9 dienals or C5 branched aldehydes or some C8 ketones become important contributors to the oil aroma. Some of these compounds are responsible for virgin olive oil defects, such as rancid, winey-vinegary, fusty, muddy sediment or musty (Angerosa, 2002; Morales et al., 2005; Morales et al., 1997) . Branched chain volatiles, supposed to be formed through aminoacid conversion (Fig. 2 ) are more likely derived from ketoacids (Kochevenko et al., 2012) .
The most determinant steps of the LOX pathway are the peroxidation of linoleic or linolenic acid by the action of lipoxygenase and then hydroperoxide lyase (HPL) catalyzes the cleavage of hydroperoxides from polyunsaturated fatty acids to yield oxoacids and volatile aldehydes (Salas et al., 2005) .
The strict specificity of HPL of olive pulp for the n-6 hydroperoxide derivatives from both linoleic and a-linolenic acids, can explain the absence of C9 volatile compounds in the aroma of olive oil (Morales et al., 1995; .
HPL has been shown to be heat-labile and presented optimal activity under slightly acidic conditions (Anthon and Barrett, 2003; Salas et al., 2000) . The existence of only one HPL isoform was suggested using data on thermal stabilities of HPL (Luaces et al., 2007b) . Maximum activity has been observed at 15 C (Anthon and Barrett, 2003) , with a clear decline at 35 C . Thermal stabilities of LOX and HPL enzymatic activities in crude preparations seem to explain the observed decrease of volatile contents as a consequence of heat treatments of olive fruit.
The changes observed in HPL activity during fruit development (from 13 weeks after flowering to 34 weeks after flowering) showed that HPL activity was higher in green olives harvested at the early developmental stages. Thereafter, it decreased slightly to a high constant level along the entire maturation period. Moreover, results proved that only the availability of the HPL substrate could be the limit to volatile aldehyde formation S anchez-Ortiz et al., 2013) .
Other enzymatic systems within the LOX pathway, such as the ADH and AAT enzymatic activities remained apparently unaffected as a consequence of hot-water treatment, so that C6 alcohol and ester contents showed almost no variation (P erez et al., 2003) . Alcohol dehydrogenase (ADH) catalyzes the reversible reduction of aliphatic aldehydes to alcohols. Olive stones seem to be a good source of ADH, which is more specific for saturated C6 aldehydes . Alcohol acetyl transferase (AAT) catalyzes the formation of acetate esters through acetyl-CoA derivatives. In olive oils, ethyl propionate and hexyl acetate are responsible for the sweet and fruity notes (Salas, 2004; S anchez and Harwood, 2002) .
In conclusion, the biosynthesis of VOO aroma compounds depends mainly on the availability of nonesterified polyunsaturated fatty acids, especially linolenic acid, during the extraction process and on the enzymatic activity of the lipoxygenase/hydroperoxide lyase system. Both availability of substrates and enzymatic activity seem to be cultivar-dependent (S anchez- Ortiz et al., 2007) .
Peroxidases
Peroxidases (EC 1.11.1.7) are mainly heme-iron enzymes that catalyze the reduction of hydrogen peroxide in the presence of a hydrogen donor.
These class of oxidoreductases are highly specific for hydrogen peroxide, but other organic peroxides, or peroxy acids of the general formula ROOH can also be used as hydrogen acceptors (Laane et al., 2003; Yuan and Jiang, 2003) .
Simultaneously they can be very nonspecific enzymes for the other substrate that act like the hydrogen donor. In fact peroxidases (POD) catalyzes the oxidation of a variety of organic and inorganic hydrogen donors, such as phenols, aromatic amines, aminophenols, diamines, indophenols, ascorbate, even several amino acids, and can also be able to catalyze other type of reactions such as oxidation and hydroxylation (Laane et al., 2003) . POD are widely distributed in different plant parts, with the highest activity in roots; POD contents are dependent on plant species, season and growth conditions. In plant cells, POD are located in soluble form, in the cytoplasm, and also in cell-wall bound form (V amos -Vigy az o and Haard, 1981; Yuan and Jiang, 2003) .
Plant POD play very important roles in physiological processes extensively referred by several authors, such as degrading and synthesizing lignin in cell wall, scavenging of reactive oxidative species in response to oxidative stress (catalyzing the removal of excess hydrogen peroxide), participate in defense mechanism against abiotic and biotic stress (like protection against pathogen attack), tolerance, auxin catabolism and other phyto hormones like indole acetic acid (IAA) (Martins et al., 2013; Mourato et al., 2012; Vergara-Dom ınguez et al., 2013; Yuan and Jiang, 2003) .
After olive puncture by olive fly (Bactrocera olea (Gmelin)) attack, high levels of peroxidase activity were detected, indicating this key role in the defense response against insect injuries (Spadafora et al., 2008) and other biotic stress.
The peroxidases catalyze the oxidation of phenolic compounds using either hydrogen peroxide H 2 O 2 or organic peroxides as the oxidizing agent, thus producing free radicals, highly reactive and easily polymerizable intermediates. While the phenol oxidation by POD activity is limited to the low internal hydrogen peroxide concentration, the autoxidation of phenol compounds in damaged tissues increase the H 2 O 2 availability (Takahama and Oniki, 2000) . Thus, polyphenol oxidases (PPO) and POD might act synergistically on the oxidative degradation of olive phenolic compounds (Tom as-Barber an and Esp ın, 2001).
Both PPO and POD activities present in olive fruit at different ripening stages are able to oxidize the main phenol glycosides present in the fruit, as well as those phenol compounds arising from the extraction process, especially secoiridoid compounds derived from oleuropein. Therefore, the activity of endogenous olive PPO and POD enzymes play an important role in the phenolic profile of VOO (Garc ıa-Rodr ıguez et al., 2015; Romero-Segura et al., 2012) . Olive seed contains a high level of POD activity (72.4 U g ¡1 FW), accounting for more than 98% of total POD activity in the whole fruit in three main Spanish cultivars (Luaces et al., 2007a) . The presence of peroxidase activity, mainly in the seed, was also reported for other cultivars (Garc ıa-Rodr ıguez et al., 2011; Peres et al., 2011; Servili et al., 2003b) . Moreover, olive seed POD activity was undetectable before 20 weeks after flowering (WAF) in Picual and Arbequina cultivars and has a maximum level at 28 WAF, reaching 20.8 and 15.20 U g ¡1 FW in Picual and Arbequina fruits, respectively, remaining at constant levels thereafter (Garc ıa-Rodr ıguez et al., 2011). Table 3 shows some results of maximum POD activity in pulp and seed found for some Spanish and Portuguese cultivars.
The storage of Arbequina olives at 4 C and at 20 C during four weeks in plastic containers showed that POD in olive seeds during storage and ripening have almost the same behavior, showing a gradual increase in activity from 9 to 14-15 U g ¡1 FW (Hbaieb et al., 2015) .
The purification and characterization of POD of Douro cultivar in the black ripening stage showed that the predominant anionic fraction (PODa4) showed an isoelectric point at 4.4 and optimum pH at 7.0 (optimum temperature of 34.7 C) (Saraiva et al., 2007) . However, the pH optimum of the peroxidasecatalyzed oxidation depended on the substrate used, varying from 4.0 to 6.0 (Tzika et al., 2009) .
Concerning the thermal stability, POD loses 60 and 85% of its activity at 40 C for 5 and 10 min, respectively, and no measurable activity could be detected upon heating at 50 and 60 C for 5 min (Clodoveo et al., 2014) . However, Taticchi et al. (2013) found that olive POD showed the highest activity at 37 C and high stability in the temperature range tested (0-60 C). Olive POD of cultivar Koroneiki showed a very good stability during 45 min of incubation at 30 and 60 C, while at 40 C, 34.5% inactivation was noticed after 10 min of incubation (Tzika et al., 2009) .
Concerning substrate specificity, POD was unable to oxidize oleuropein, one of the major olive fruit polyphenol, as well as coumaric, ferulic, ascorbic, and p-hydroxybenzoic acids; although other phenolic compounds, such as gallic acid and protocatechuic acid, were found to be olive POD substrates (Tzika et al., 2009) . Plant peroxidases preferencially oxidise phenols at the expense of peroxide species, mainly hydrogen peroxide. So, when the content of H 2 O 2 was rised (500 mL kg ¡1 ) in the malaxation process, the oxidative degradation of phenols increased as well by 50% in Picual ripened fruits (mainly hydroxytyrosol derived secoiridoids) (Garc ıa-Rodr ıguez et al., 2015).
Since the oxidation of endogenous olive oil phenols plays an important role in olive oil stability, the molecular structure of the phenol as well as its topology inside the olive oil microemulsion, may be crucial for its availability for oxidation by olive fruit POD (Tzika et al., 2009 ).
Polyphenol oxidases
Polyphenol oxidases (PPO) is a generic name for enzymes that are copper containing metalloproteins, found almost universally in animals, plants, fungi, and bacteria. These enzymes are also known as tyrosinase, phenolase, catechol oxidase, catecholase, o-diphenol oxidase, monophenol oxidase, and cresolase, due to the diversity and complexity of the reactions that can be involved (Whitaker, 1995) .
Two main reactions are catalyzed by this class of enzymes in the presence of molecular oxygen (Ram ırez et al., 2003; Yoruk and Marshal, 2003) known as:
-hydroxylation of monohydroxyphenols (such as p-cresol) to o-diphenols catalyzed by monophenol oxidase (EC 1.14.18.1; monophenolase or cresolase activity) (Equation 1).
-oxidation of o-dihydroxyphenols such as catechol, to oquinones, by removal of the hydrogens of the hydroxyl groups converting them on benzoquinones catalyzed by o-diphenol oxidase PPO (EC 1.10.3.1; diphenolase or catecholase activity) (Equation 2). The resulting benzoquinones formed by o-diphenol oxidase are also precursors of many other compounds, as they are very reactive nonenzymatically in the presence of O 2 , with sulfhydryl compounds, amines, amino acids, and proteins. Some colored compounds (yellow, red, brown, or black) can be formed by these reactions (Ram ırez et al., 2003) .
These enzymes are located at the inner face of the thylakoids and in the mitochondria (Vaughn and Duke, 1981; Whitaker, 1995) . They act on redox reactions that occur during fruit ripening and in response to injury by biotic factors as well as other abiotic stress conditions. PPO has been associated with several cellular processes including resistance to pathogens and herbivores, as well as resistance to stress conditions, and it may be involved in pathogenesis during attack by fungi or other organisms (Mayer, 1986) .
PPOs are capable of oxidizing several phenolic compounds reducing the bitter taste associated to these compounds in different food products. The use of laccase to debittering olives by treating stoned, chopped olives was referred as one of the benefic effects of PPO (Laane et al., 2003) . Several authors have studied the time course of fruit PPO activity in several olive cultivars and during fruit ripening (Ebrahimzadeh et al., 2003; Goupy et al., 1991; Ortega-Garcia et al., 2008; Sciancalepore, 1985) . The browning rate is well correlated with o-diphenol content and polyphenol oxidase activity. The process that leads to browning in the damage areas of olive fruits can be explained by an enzymatic release of hydroxytyrosol from several secoiridoids of the olive fruit due to the action of beta-glycosidase and esterases (Segovia-Bravo et al., 2009) . Simultaneously, an additional hydroxytyrosol release, at a less extent than the enzymatic reaction, can also be produced because of the chemical hydrolysis of oleuropein. In a second phase, endogenous fruit PPOs oxidize hydroxytyrosol together with verbascoside. Due to the pH value of the olive flesh (pH »5), chemical oxidation of hydroxytyrosol is limited, when compared to the effect caused by the enzymatic action (Brenes-Balbuena et al., 1992) .
Results of the kinetics and molecular characterization of PPO in fruits and leaves during ripening of the olive tree cv. Picual showed an increase in PPO-specific activity during fruit ripening for all substrates tested, such as catechol and catechin (Ortega-Garcia et al., 2008) . Moreover, a new 36-kDa PPO protein was detected in fruits during the last stages of fruit ripening, which may indicate that a new PPO isoform could be present during this stage.
PPO activity was found to be largely present in the fruit mesocarp while no PPO activity was detected in seeds (Garc ıa-Rodr ıguez et al., 2011; Peres et al., 2011) . Moreover, PPO displays relatively constant values after the onset of fruit ripening (Garc ıa-Rodr ıguez et al., 2011). Experiments carried out by us with Cobrançosa and Galega Vulgar Portuguese cultivars showed that PPO activity present in the fruit shows a maximum activity that can be related to ripening index and is dependent on the cultivar (Fig. 3) (Peres et al., 2013b) .
A possible relationship between phenylalanine ammonia lyase (PAL), PPO, and total phenols in Picual, Arbequina, Verdial, and Frantoio cultivars throughout ripening was performed. The levels of PAL and PPO seem to be coordinated in the different cultivars during ripening (Ortega-Garc ıa and Perag on, 2010).
Maximum activity of PPO from the Manzanilla cultivar was found to be at pH 6.0. In addition, the enzymatic activity increased with temperature (8-25 C) and was completely inhibited at pH values below 3.0 regardless of temperature. However, in alkaline conditions, pH inhibition depended on temperature and was observed at values above 9.0 and 11.0 at 8 and 25
C, respectively (Segovia-Bravo et al., 2009 ). During 7 days of olives storage at 15 C, the activity of PPO in the olive pulp decreased drastically in the first 2 days, and then decreased gradually, whereas POD activity showed a gradual reduction throughout the entire storage period. Simultaneously, the PPO activity produced by the spontaneous microbiota in olives, increased along the storage period reaching the maximum levels after the third day of fruit storage (Zullo et al., 2014) .
When olives of Arbequina fruits were stored at 4 C for one month, PPO activity followed the same trend as that in fresh fruit, and was significantly higher than in fruits stored at 20 C (Hbaieb et al., 2015) .
Regarding the thermal stability, PPO has a high stability at 20 C, but a high degree of inactivation at 40 C, with a large variation in stability according to the olive cultivar (Taticchi et al., 2013) .
The oxygen dissolved in the pastes during the malaxation process, activates POD and PPO, which oxidize phenolic compounds and consequently reduce their concentration in VOOs obtained from pastes malaxed at high temperatures. The traditional malaxer, which allows a high amount of oxygen dissolved in the paste during the process due to air contact, represents a classical example of the aforementioned relationship between high temperatures and VOO phenolic loss (Clodoveo et al., 2014) .
PPO seems to be the most relevant enzyme involved in phenolic oxidation during crushing. Thus, it is important to find suitable inhibitors of this type of phenolic degradation. Citric acid or the addition of citric fruits seems to be a way to control phenol oxidation, by restraining the activity of these enzymes, producing VOO with higher oxidative stability (Aliakbarian et al., 2009; Cerretani et al., 2008b) .
Hydrolases
These enzymes involve hydrolytic reactions and their reversal (degradation of H 2 O to OH ¡ and H C products). Hydrolases use water as a second substrate, and participate in the breakage of the covalent bonds in all biological polymers, such as peptide bonds in proteins, glycosidic bonds in carbohydrates and ester bonds in lipids (Whitaker, 2003) .
In the field of olive oil technology the most commonly referred hydrolases are lipases and several other glycosidases.
Lipases
Lipases (glycerol ester hydrolase or triacylglycerol acylhydrolase; EC 3.1.1.3) catalyze the hydrolysis of ester bonds at the interface between an aqueous and nonaqueous phase and are the first enzymes responsible for the degradation path of stored triacylglycerols (TAGs). Hydrolysis of TAGs by lipases can yield di-and monoacylglycerols, glycerol, and free fatty acids (FFAs). The FFAs released by lipase hydrolytic activity act as a substrate for lipoxygenase activity to produce hydroperoxides.
Olive lipase exhibited a maximum activity at pH 5.0 using triolein as substrate; the presence of calcium increases enzyme activity while the presence of copper reduces this activity by 75% (Panzanaro et al., 2010) . However, other results showed that crude olive extracts had an optimal acylhydrolase activity around pH 8.5 (Olias et al., 1993) and pH 7.0 (Fadilo glu and S€ oylemez, 1997).
Studies on lipase activity in olives of cv. Ogliarola, at four stages of ripening defined by olives green to purple skin color, showed that mesocarp lipase activity increases during olive development but declines at purple stage (Panzanaro et al., 2010 ). The same authors tested the catalytic activity of olive lipase at different temperatures (25 to 45 C) and found maximum activity at 35 C. Moreover, olive TAG can also be hydrolyzed by an active lipase present in olive seeds, as well as by exogenous lipases produced by certain fungi, such as Colletotrichum spp. (Salas et al., 2000) .
Although fruit endogenous lipase may be responsible for some TAG hydrolysis, the fruit microbiota (lactic and enteric bacteria, fungi and Pseudomonas) has the main influence in the extent of the hydrolytic process (Vichi et al., 2011) . Penicillium has been identified as the most potent lipase enzyme producer (with yields of 7300 UL ¡1 ), which is mostly active at the beginning of its growth (Fakas et al., 2010) .
The presence of lipase-positive yeasts in olive oil, immediately after its extraction having an opalescent appearance due to the presence of solid particles and micro-drops of vegetation water, was also demonstrated (Ciafardini et al., 2006b ). Laboratory tests highlighted a substantial increase in total diacylglycerols and free fatty acids in the samples of olive oil inoculated with lipase-producing strains of yeasts, isolated from extra virgin olive oil, W. californica 1639 and S. cerevisiae 1525 (Ciafardini et al., 2006a) .
Harvesting time, harvesting methods and the post-harvesting are the main aspects to control the activity of lipase enzymes especially those coming from fruit microbiota. Olive anthracnose caused by Colletotrichum spp. is the disease that can cause the main impact on hydrolytic changes of fruits. The lipases produced by this fungus are the most important factor responsible for high acidity of VOO extracted from completely damaged fruit as well as off-flavors (Table 4) (Runcio et al., 2008) .
Glycosidases
Glycosidases, also called glycoside hydrolases, are enzymes that act in the hydrolysis of the b-glycosidic bond between two glycone residues or that between glucose and an aryl or alkyl aglycone (Esen, 2003) .
Glycosidases are classified under hydrolases, included in subclass EC 3.2. The subclass 3.1 includes esterases (EC 3.1 acting on ester bonds) that can be divided into several sub-subclasses according to specific bond linkage, such as EC 3.1.1 for those acting on carboxylic esters, thioester hydrolases (EC 3.1.2), phosphoric monoester hydrolases, known as phosphatases (EC 3.1.3), phosphodiester hydrolases (EC 3.1.4), triphosphoric monoester hydrolases (EC 3.1.5), sulfatases (EC 3.1.6), diphosphoric monoesterases (EC 3.1.7) and phosphoric triester hydrolases (EC 3.1.8) (IUBMB, 2015) .
Plant materials contain different glycoside enzymes considering the existing complex mixture of simple and complex glycosides. Several kinds of glycoside hydrolases are involved in cell wall polysaccharide degradation, as well as other glycoside enzymes, which are able to hydrolyze crosslinkages between different polysaccharides, lignin and proteins.
There are numerous enzymes involved in the degradation of cell wall polysaccharides that includes enzymes acting on cellulose and noncellulosic biopolymers, hemicelluloses (xyloglucans, xylans, arabinoxylan), pectic polysaccharides and proteins. These enzymes can be exo or endo glycoside enzymes, depending on whether they act at the end or in the middle of an oligo/polysaccharide chain, respectively (Esen, 2003) .
The degradation of cell wall polysaccharides is performed by exopolysaccharidases, endopolysaccharidases and other hydrolases that do not belong to these two groups, involved in break of noncarbohydrate groups linked to wall polysaccharides such as O-acetyl, O-methyl and others. Exopolysaccharidases causes hydrolysis progressively from the nonreducing terminus, and endopolysaccharidases attack the polysaccharide backbone at any position (Minic and Jouanin, 2006) .
The major polysaccharides in the cell wall and middle lamella contributing to olive fruit texture were found to be the pectic polysaccharides and the hemicellulosic polysaccharides xyloglucan and xylan (Vierhuis et al., 2000) . During ripening, multiple enzymes contribute to the degradation of complex organization of the cell wall polysaccharides. These include glycoside hydrolases enzymes such as polygalacturonases (PGs), b-D-galactosidases, endo-b-1,4-D-glucanases, and to a lesser extent endo-b-mannanases, b-D-xylosidases, a-D-galactosidase (Minic, 2008) . Table 4 . Acidity, peroxide value (PV), heptanal, octanal and nonanal from Ottobratica olive oil extracted from healthy and damaged fruits by anthracnose (adapted from Runcio et al., 2008 The progressive loss of firmness is the result of a gradual solubilization of protopectin in the cell walls to form pectin and other products. Solubilization followed by depolymerization and deesterification of pectic polysaccharides is the most apparent change occurring during ripening of many fruits like olives (Jimenez et al., 2001) . These changes are due to the action of different specific glycosidases that act on cell wall polymers, resulting in their partial or complete degradation. Most of these enzymes are present in low levels and are constitutive throughout fruit development and ripening. However, during ripening, generally all the hydrolases increase in activity, particularly cell wall hydrolases, showing a peak activity at climacteric stage (Prasanna et al., 2007) .
The cell wall enzymes, responsible for the changes occurring in the pectic fraction of fruits during ripening and processing, are pectinases, which hydrolyze pectin by different mechanisms.
These enzymes are divided into two broad classes: pectinesterase (PE) and pectin depolymerases (Belitz et al., 2009) . PE (EC 3.1.1.11) is a cell-wall-associated enzyme that presents a lot of isoforms facilitating plant cell wall modification and subsequent degradation. In plants, PE plays an important role in cell wall metabolism during fruit ripening. PE catalyzes the deesterification of the methoxyl group of pectin forming pectic acid. The enzyme acts preferentially on a methyl ester group of galacturonate unit next to a nonesterified galacturonate unit (Kashyap et al., 2001) . Pectin depolymerases readily split the main chain and they are further classified as polygalacturonase (PG) and pectinlyases (PLs). The depolymerases catalyze the cleavage of glycosidic bonds via hydrolysis (hydrolases) or via b-elimination (lyases) (Hadj-Taieb et al., 2002) .
The polysaccharides of olive pulp mainly consist of pectic polysaccharides rich in arabinose, glucuronoxylans, cellulose and minor components as xyloglucans, mannans and glycoproteins (Coimbra et al., 1996; Coimbra et al., 1994; Vierhuis et al., 2003) . Seven glycosidases, namely b-glycosidase (EC 3.2.1.21) a-galactosidase (EC 3.2.1.22), b-galactosidase (EC 3.2.1.23), a-arabinosidase (EC 3.2.1.55), a-mannosidase (EC 3.2.1,24), b-xylosidase (EC 3.2.1.37), and b-N-acetylglucosamidase (EC 3.2.1.30), as well as Cx-cellulase (EC 3.2.1.4) and endo-polygalacturonase (EC 3.2.1.15), were identified in olive pulp cell wall preparations, at four ripening stages (Fern andez-Bolaños et al., 1995) . Many enzymes of this group are involved in a variety of physiological functions such as plant defence, signalling, metabolism of cell wall and lignification (Minic, 2008) . Olive fruits can be seriously deteriorated by pre and postharvest damage due to the attack of insects, such as the olive fruit fly, which strongly alters the quality of olives (Rojni c et al., 2015) . Olive fruits susceptible to fly infestation could be related to the ability of the oleuropein-degrading-[beta]-glycosidase to produce the highly reactive molecules in the damaged tissues.
The enzyme b-glycosidase (EC 3.2.1.21) is involved in the degradation of oleuropein (Fig. 4) and has been shown to play a critical role in shaping the phenolic profile of VOO (Garc ıa-Rodr ıguez et al., 2015). Both esterase and b-glycosidase are naturally present in olive pulp (Fern andez-Bolaños et al., 1995) . Both pathways produce hydroxytyrosol, glucose and elenolic acid as final compounds (Fig. 4) (Segovia-Bravo et al., 2009) .
Moreover, a clear correlation was established between the contents of oleuropein in olive fruits and the amount in the corresponding VOO of 3,4-DHPEA-EA and respective isomers (oleuropein derivatives). However, no relationship was found between the contents of demethyloleuropein in the fruit and the presence of its derived compound 3,4-DHPEA-EDA in VOO (Romero-Segura et al., 2012) . The higher selectivity of olive b-glycosidase towards oleuropein results in the formation of 3,4-DHPEA-EA. Thus, it is suggested that during VOO extraction, when no demethyloleuropein is available, 3,4 -DHPEA-EDA may be formed by the sequential action of olive b-glycosidase together with an endogenous methylesterase acting on the initial products of oleuropein hydrolysis (RomeroSegura et al., 2012) .
The purified olive b-glycosidase exhibited a broad optimum pH curve with a maximum at pH 5.5 and a rapid decline of activity for higher pH values. This maximum pH is higher than those previously used to assay olive glycosidases (Heredia et al., 1993) . Furthermore, the highest activity was observed at 45 C, as most plant glycosidases. Thermostability is maintained up to 40 C with a dramatic decrease of activity above this temperature (Romero-Segura et al., 2009) .
During fruit ripening, b-glycosidases are implicated in fruit debittering by oleuropein degradation, and glucose and aglycone molecules release (Brenes-Balbuena et al., 1992; Obied et al., 2008; Ryan et al., 1999) . b-glycosidase location during the ripening of olive fruit, by in situ activity assay, was detected in mesocarp cell chloroplasts and oleuropein (substrate) is restricted in the vacuoles of olive mesocarp cells (Mazzuca et al., 2006) . The variations of oleuropein-degradative-[beta]-glycosidases activity during ripening are due to changes in the competence of single mesocarp cells to synthesize two different enzyme isoforms (Mazzuca et al., 2006) . At 35 weeks after flowering Picual fruits display twice as much b-glycosidase activity than Arbequina fruits, which seems to explain the higher phenol content found in Picual VOO (Romero-Segura et al., 2012) .
Monitoring the activity of olive endogenous b-glycosidase during fruit ripening and storage, a similar pattern between one month stored fruits at 4 C and fresh harvested ones was observed; moreover, the decrease in this enzyme activity is accompanied by a dramatic decrease in the phenolic content of VOO (Hbaieb et al., 2015) . In conclusion, endogenous enzymes such as b-glycosidase (which hydrolyzes phenolic glycosides) and oxidoreductases, like PPO and POD (which oxidase phenolic compounds), may be the main biochemical factors affecting the phenolic content of VOO.
Technological factors influencing the activity of the enzymes responsible for some chemical and sensory characteristics of VOO Sensory characteristics of VOO are strictly related to the contents of volatile and phenolic compounds, which are strongly affected by the operative conditions of oil extraction process. The occurrence of several enzymatic processes (endogenous and exogenous) may affect the amount and the type of phenolic and volatile compounds in the final VOO.
Olive composition: Cultivars, ripeness, and agro-climatic factors
The composition of VOO depends primarily on olive fruit composition, which depends on the cultivar, the ripening stage and the environmental growth conditions, such as biotic and abiotic stresses. Several studies have already been carried out with the aim of describing the differences found between the phenol profile of different olive cultivars (Cerretani et al., 2006; Esti et al., 1998; Vinha et al., 2005) as well as their evolution throughout the ripening process (Amiot, 2014; Criado et al., 2004; Morell o et al., 2006; Servili et al., 2009 ). Moreover, phenolic and volatile compounds in VOO have been used to discriminate between fruit ripening stages, geographical origin and cultivar (Aparicio and Morales, 1998; Berlioz et al., 2006; Luna et al., 2006; Tura et al., 2013; Vichi et al., 2008) ; the influence of environment and season on flavor characteristics was also studied (Tura et al., 2009) as well as the site of cultivation on lipophilic and hydrophilic phenols (Tura et al., 2008) .
The influence of irrigation on VOO volatile and phenol compounds is an important actual research topic especially for the super high-density orchards (Berenguer et al., 2006; El Riachy et al., 2013; G omez-Rico et al., 2007) .
Harvest and postharvest
The decision of the harvesting date seems to be a key factor to olive oil quality and one of the aspects that most influence the composition of olive oils. From the point of view of the producer, the following aspects must be considered: (i) the olives must have the maximum weight of oil, (ii) the quality of the oil must be optimal, (iii) fruit and tree damage must be minimal, (iv) next year's crop must not be affected and (v) harvesting must be as cheap as possible (Prenzler et al., 2007) . So, the decision of the harvesting date is usually based on local information, productivity and oil amount or fruit quality. These aspects are certainly crucial for the future development of olive industry but other factors may be analyzed as well. Tolerance or sensitiveness to different pests and diseases or meteorological phenomena (frost), studied together with ripening periods, are important points to be evaluated in olive growing.
Storage of the fruits, leaf removal and washing
The effect of olive storage prior to milling is a very important and studied aspect of olive oil technology (Fern andez-Bolaños et al., 1997; Kalua et al., 2008; Pereira et al., 2002; PerezCamino et al., 2001) . The drastic reduction of total phenols in the oily fraction of the fruit, observed after three days of storage, can probably be attributed to the activity of the oxidoreductases enzymes either from the pulp or from the microbiota grown in the carposphere or in the pulp of the fruits damaged during the harvesting and storage operations (Zullo et al., 2014) . Apart from the condition of the fruit at harvest, as the presence of pests and diseases, differences in post-harvest handling of the fruit, produce olive oils with different flavors and off-flavors (Angerosa et al., 2004; Morales et al., 2005; Vichi et al., 2009b) . The storage of the fruits after harvest changes the volatile composition of olive oil. 1-octen-3-ol is related with the sensory defect of mustiness-humidity; ethyl butanoate, propanoic and butanoic acids are responsible for fusty sensory defect; acetic acid, 3-methyl butanol and ethyl acetate for wineyvinegary, while several saturated and unsaturated aldehydes and acids are connected with rancid sensory defect (Morales et al., 2005) . The presence of several volatile phenols was also addressed to bad storage conditions of olives (Vichi et al., 2009a; Vichi et al., 2008) . So, the storage of fruits before processing is always a nonrecommended practice.
Removing leaves and other foreign materials is the first step in olive oil extraction in order to prevent damages in extraction equipment caused by stones, as well as to avoid the presence of off-flavors. However, the presence of small amounts of leaves may have benefits in terms of VOO antioxidant characteristics (Malheiro et al., 2013; Sonda et al., 2013) .
The washing operation of olives removes soil and pesticides residues but can introduce excessive moisture to the resulting olive paste, leading to a reduction in extractability, because of the formation of water/oil emulsions and to a decrease in hydrophilic phenols due to the extraction of these compounds by the water phase (Uceda et al., 2006) . Good practices recommend the frequent renovation of washing water in order to avoid the high microbial concentration in the recycled water and their fermentation activity that might influence sensory VOO quality.
Milling
Milling is the first unit operation performed in order to prepare the olive paste for olive oil extraction. The crushers, destoner included, as well as time, temperature and oxygen concentration during the malaxation step have shown to influence oxidoreductases activity with consequences on VOO phenolic and volatile composition (Amirante et al., 2007; Servili et al., 2002a; Servili et al., 2007) . As a matter of fact, the activity of oxidoreductases, mainly POD, can be quite different comparing destoned and the whole fruits (Table 5) .
The main hydrophilic phenols of VOO, such as secoiridoid aglycons, are formed during crushing by the hydrolysis of oleuropein, demethyloleuropein and ligstroside, catalyzed by endogenous b-glycosidases (Obied et al., 2008) . The aglycones are more soluble in the oil phase than the glycoside forms that remain in the water phase. This observation suggests that it is important to know the adequate conditions to promote b-glycosidase activity, in order to increase phenol contents of VOO. In addition, if the crushing system inhibits b-glycosidases activity, a large proportion of water-soluble phenols will be lost in the waste water (Clodoveo et al., 2014) .
The impact of crushing in VOO phenolic and volatile compounds can be related to the distribution of the endogenous oxidoreductases and phenolic compounds in the different parts of the olive fruit. As previously reported, POD in combination with PPO, are the main endogenous oxidoreductases responsible for phenol oxidation during processing (Garc ıa-Rodr ıguez et al., 2015; Garc ıa-Rodr ıguez et al., 2011). POD occurs in high amounts in the olive seed; on the contrary, hydrophilic phenol compounds, are largely concentrated in the pulp, whereas the stone and seed contain only small quantities of these substances Servili et al., 2007) .
In traditional olive mills, the stone crushers, with two or four granite wheels rotating at 12-15 rpm are used. The energy released during breaking is low and the fact that the paste is not heated prevents the LOX from denaturation (Padilla et al., 2009 ). However, due to the time of exposure to oxygen several compounds produced from the LOX pathway are lost. This type of crusher reduces the phenolic concentration in olive pastes with milling time, due to air contact during processing. Contact with the air stimulates PPO and POD, producing a high oxidation of phenolic compounds. Other drawbacks of the stone crusher are its low working capacity, the high hourly machine footprint, and its low ability to release the chlorophyll found in the olive skin, responsible for the green color of VOO, into the oil. This aspect is particularly relevant when the stone crusher is combined with a solid-liquid centrifugal separation (Servili et al., 2012) . The exposition of the olive paste to the atmospheric oxygen promoting the oxidation of phenol compounds, causes a reduction of oxidative stability as well as a decrease in bitter and pungent intensity of VOO (Di Giovacchino et al., 2002) . Therefore, the use of stone mill to process bitter cultivars, like the Italian Coratina is recommended .
In VOO extraction by centrifugation the crushing operation is usually performed with hammer crushers. Compared to stone crushers, these machines have some benefits that are attributable to their high working capacity, low footprint and low installation costs. This mill extracts the pigments from the olive skin in a very efficient way, giving VOO with higher concentration in beta-carotene, chlorophyll a and pheophytin a to produce greener oils (Domingues et al., 2009; Servili et al., 2002a) . However, the hammer crushers show some disadvantages, such as the strong emulsifying effect produced on olive paste during crushing, a considerable increase in paste temperature and the high degradation of the seed tissues which, as mentioned earlier, promotes phenolic oxidation by improving peroxidase activity (Servili et al., 2000) . Olives treated by the two crushing systems-hammer and stone mills-were observed by scanning electronic microscopy. Micrographs of olive fruits milled in hammer crushing evidence better cell cuts, in contrast to stone mill where olive cell layers have been broken and damaged. The olive oil extracted from pastes obtained by the hammer crusher shows the highest concentration of phenolic compounds and consequently the strongest antioxidant activity (Veillet et al., 2009 ). Temperature of the olive paste increases by 13-15 C with respect to ambient temperature when a fixed-hammer metallic crusher is used (Di Giovacchino et al., 2002) . The diameter of grid in hammer crushers as well as the relative speed of fixed hammers may also have a great impact in yield, phenols and pigments extraction (Di Giovacchino et al., 2002) . The more violent grinding causes an increase in temperature and the reduction of HPL activity (Amirante et al., 2006) .
Disk crushers crush the olives between two-toothed disks, one stationary and one that rotates. The use of the disk-crusher avoids paste overheating, minimizing the risk of oxidation (Amirante et al., 2010) . However, this crusher may promote the formation of emulsions, which inhibit oil-water separation. The use of the disk crusher may also affect the sensory characteristics of the olive oil, which can have a stronger, spicy taste, but less bitter than the one obtained by the hammer-crusher. According to the olive mills manufacturers (e.g. Alfa Laval), this is a technique to obtain "mild taste" or "sweet" olive oils.
A new approach to olive milling is based on separated crushing of the constituent parts of the fruit, such as the skin, pulp, and seed. The destoner, also called "de-pitting" machine, crushes only the pulp tissues (Amirante et al., 2006; Mulinacci et al., 2005) . In this type of milling, the degradation process of the olive tissues should be strong for the skin and pulp, in order to facilitate the release of oil and pigments, whereas impact on the seed should be limited. The destoning process, excluding the olive seed with high POD activity, reduces the enzymatic degradation of phenols, largely concentrated in the pulp, improving their concentration in VOO and consequently their oxidative stability (Amirante et al., 2007; Amirante et al., 2006; Cerretani et al., 2008a; Lavelli and Bondesan, 2005; Mulinacci et al., 2005; Servili et al., 2007) . Simultaneously with the Table 5 . Oxidoreductases activity (POD and PPO) in two Italian cultivars in milling and malaxation, using destoned and whole fruit (adapted from Servili et al., 2007 reduction in phenolic degradation an improvement in the concentration of volatile compounds, especially of hexanal, trans-2-hexenal and C6 esters, with a consequent positive increase of the intensity of "cut grass" and "floral" sensory notes occurs (Table 6 ) (Servili et al., 2007) . Considering that the seeds represent about 25% of the total paste volume, the use of the destoner can improve the working capacity of the mill plant, excluding about a quarter of the residual solid waste before the extraction process. However, in order to ensure good VOO extraction yields, the destoned olive paste requires long mixing times as well as a third-generation decanter to separate the oil from the olive paste, since the absence of stone fragments causes a change in olive paste rheology (Clodoveo and Hbaieb, 2013) .
Malaxation
From the point of view of yield and VOO quality, malaxation is one of the most important unit operations. The malaxer machine consists of a stainless steel tank containing the olive paste and a malaxing central-screw stirring the paste slowly and continuously, at monitored temperature (Clodoveo, 2012) . The oil in olives (about 20-25%) is found in the mesocarp cells, mainly in the vacuoles and scattered to a lesser extent through the cytoplasm in the form of small lipid inclusions. Mixing and heating (25-35 C) of the olive pastes during malaxation causes the breakdown of water-oil emulsion, allowing oil droplets to form larger droplets, which separate easily from the aqueous phase during the solid-liquid and liquid-liquid separation processes. Moreover, this operation contributes to activate several natural enzymatic processes after the disruption of olives by milling. However, the knowledge of the critical parameters that control the diffusion and equilibrium phenomena between the aqueous and the oil phases, is crucial, as well as the time needed to trigger enzymatic reactions responsible for the formation of some volatile compounds and for the modification of phenolic compounds (Clodoveo et al., 2014) . Many factors, like olive ripeness, olive granulometry in crushing, presence of stone fragments and amount of water may influence these phenomena. Time-temperature relationship is the main critical factor (Peri, 2014) .
Operation time, speed of kneading, temperature and atmosphere composition inside the malaxer are the parameters that should be controlled in the malaxation process (Angerosa et al., 2001; Clodoveo, 2012; Inarejos-Garc ıa et al., 2009; Kalua et al., 2006; Parenti et al., 2008; Pastore et al., 2014; ReboredoRodr ıguez et al., 2014; Servili et al., 2008) . The preservation of phenols and volatile compounds in VOO depends on these parameters. Phenol compounds, once released or formed during olive oil extraction, are distributed between the water (approximately 53% of the available group of antioxidants in the olive fruit) and oil (1-2%) phases. Approximately 45% of the phenols are trapped in the solid phase (pomace) (Clodoveo, 2012) . This distribution depends on the solubility of phenol compounds between water and oil. Consequently, only a fraction of the phenol compounds is in the oil phase. In turn, volatile compounds are formed by the action of enzymes from the LOX pathway that begin to act as soon as the fruit is crushed, and continue to act during malaxation. Moreover, due to incorrect "hygienic design" of malaxers, off-odors or off-flavors can arrive in VOO (Peri, 2014) .
Temperature
During the olive paste malaxing process, increasing temperature levels up to 35 C, favors the activity of oxidoreductase enzymes present in olive fruit, such as PPO and POD (Taticchi et al., 2013) . Also, LOX, that catalyzes the formation of hydroperoxides, may be responsible for an indirect oxidation of secoiridoids. Most of these enzymatic reactions occur in the presence of oxygen.
The problems concerning temperature management during malaxation have been extensively studied and a negative relationship between processing temperature and the quality of VOO, namely in the amounts of phenols and volatile compounds with their sensory impact in VOO, has been shown (Di Giovacchino et al., 2002; Garcia et al., 2001; Inarejos-Garc ıa et al., 2009; Kalua et al., 2006; Servili et al., 2003b) . The derivatives of oleuropein, demethyloleuropein and ligstroside are highly affected by the processing temperature, whereas lignans are less affected .
A significant increase in the secoiridoids of hydroxytyrosol and tyrosol, as the malaxation temperature rises from 20 to 40 C, is often observed (Di Giovacchino et al., 2002; InarejosGarc ıa et al., 2009; Ranalli et al., 2001a) . This is due to the increase in the partition coefficients of these compounds between the oily and water phases in the olive paste and to the increase of the relative solubility in the oily phase (Rodis et al., 2002) .
The optimum temperature found to obtain VOO with high total phenol content was 27 C (Parenti et al., 2008) . In turn, higher total phenol content was found at 40 C, for 60 min in the experimental oil mill pilot plant and during 45 min for the Abencor laboratory scale system (Inarejos-Garc ıa et al., 2009). However, VOO obtained in continuous industrial plants at processing temperatures lower than 27 C, does not show better chemical and sensory properties than the VOO obtained at 35 C in the same plants (Boselli et al., 2009) . PPO is characterized by a lower thermal stability than POD. While olive POD showed the highest activity at 37 C, PPO exhibited the optimum activity at approximately 50 C, but showed low stability at 40 C, with a large variation in stability according to the olive cultivar (Taticchi et al., 2013) . This can partly explain the variation in phenol concentrations in the paste during processing depending on the temperature used. In general, an increase in temperature (from 25 to 35 C) can reduce the enzymatic oxidative reaction (PPO) causing an increase in both total phenols and in oleocanthal .
At the end of malaxation, the residual activity of PPO in the pastes of Moraiolo cultivar was reduced to 30 and 15% of the initial PPO activity in crushed pastes at 20 and 35 C, respectively. The lower values for residual activity of PPO at 35 C appear to confirm the relationship between the phenolic concentration in the oil and the partial inactivation of PPO at 35 C (Taticchi et al., 2013) .
The enzymes involved in the LOX pathway such as lipoxygenase, hydroperoxide lyase, alcohol dehydrogenase and alcohol acyltransferase show optimal temperatures between 15 and 25 C, whereas their activity decreases above 30 C. Hence, when the malaxing process is carried out at temperatures above 35 C, a reduction in the generation of volatile compounds during malaxation is observed and less "green" and fruity" VOO are obtained . Oils obtained at 45 C were rejected because of "heated or burnt" off-flavor (Boselli et al., 2009) . Considering the volatile compounds, the main effect of an increase in the malaxing temperature is a loss of esters and cis-3-hexen-1-ol and an accumulation of hexan-1-ol and trans-2-hexen-1-ol, responsible for unpleasant odors (Angerosa et al., 2001; Kalua et al., 2006) . The activation of amino acid conversion pathway by high temperatures can produce considerable amounts of 2-and 3-methylbutanal, without accumulating any corresponding alcohols, associated with the "fusty" defect (Angerosa et al., 2001) .
High malaxation temperature favor the formation of octane, a volatile compound that is produced from the decomposition of 10-hydroxyperoxide of oleic acid and is correlated with "fusty" defect in olive oil (Kalua et al., 2006) .
Hexanal formation is promoted at higher temperatures by autoxidation process (Kalua et al., 2006) . Based on this, these authors proposed temperatures higher than 35 C in malaxation, in order to maximize hexanal formation. However, hexanal odor description, in lower amounts, is green, while in higher amounts (above 900 mg kg ¡1 ), is described as unpleasantly sebaceous (Dierkes et al., 2011) .
These results are generally obtained by performing malaxation with the pastes in continuous contact with air, as in the case of open-top malaxation machines. The conclusions can be very different in the new generation malaxation equipments that operate in sealed conditions (Servili et al., 2012) .
Therefore, the choice of the mixing temperature is a compromise in order to get high quality VOO, rich in volatiles and phenolic compounds. Lower temperatures than 28-30 C are commonly recommended (Angerosa et al., 2001; Angerosa et al., 2004) . However, even the use of temperatures of paste below 22 C, in the new generation of confined malaxer, lead to a decrease in the solubilisation of phenolic compounds and chlorophyll .
Time
The time of malaxation can also influence VOO composition (Angerosa et al., 2001; Di Giovacchino et al., 2002; InarejosGarc ıa et al., 2009; Kalua et al., 2006) . Therefore, the simultaneous changes in time-temperature during malaxation is a feasible systematic approach to promote changes in phenol and volatile composition (Kalua et al., 2006) . Table 7 shows the variables (phenol and volatile compounds) in VOO from Frantoio cultivar affected by malaxation time and temperature according to Kalua et al. (2006) and respective impact on flavor.
Regarding the hydrophilic phenols, these compounds are much more affected by the malaxation temperature than the malaxation time (Angerosa et al., 2001; Fregapane and Salvador, 2013; Inarejos-Garc ıa et al., 2009) .
A longer kneading time apparently affects the phenol contents negatively, favoring either their chemical or enzymatic oxidative degradation, and increasing the presence of some undesirable VOO volatiles (Angerosa et al., 2001; Di Giovacchino et al., 2002; Inarejos-Garc ıa et al., 2009; Ranalli et al., 2003c; Stefanoudaki et al., 2011) .
However, a reduction in the oxygen availability may decrease the activity of PPO and POD, thus avoiding or even increasing the total phenol content of the oil (Servili et al., 2003a; Servili et al., 2008) . A small decrease in the secoiridoid derivatives of hydroxytyrosol, as the malaxation time increased, is observed (about 5-10% from 30 to 60 min), whereas the content of secoiridoids of tyrosol increased (15-30%) (Angerosa et al., 2001; Di Giovacchino et al., 2002; Inarejos-Garc ıa et al., 2009) .
For the secoiridoid compound 3,4-DHPEA-EDA high concentrations correspond to short malaxation times (Kalua et al., 2006) . The main effect of the duration of malaxation is an increment of C6 and C5 carbonyl compounds, especially of hexanal, which represents an important contribution to the olive oil flavor (Amirante et al., 2006) . This increase in C6 and C5 volatile compounds was observed, regardless of the temperature adopted. Thus the production of hexanal, seems mainly to be promoted by extending the malaxation operation to more than 45 min (Angerosa et al., 2001; .
It is now generally recognized that temperature and time of malaxation should be evaluated for each cultivar and rheological condition of the pastes. Consequently, the conditions that maximize quality, without compromising yield, should be tested and optimized by the producer. In industrial practice, the residence times of the pastes at the indicated temperature should not be neglected (Peri, 2014) .
Oxygen
The time of exposure of olive pastes to air contact (TEOPAC) during malaxation was studied as a processing parameter that could be used to control the activity of endogenous oxidoreductases, such as PPO, POD and LOX, which affect virgin olive oil quality. Servili et al. (2003a) analyzed phenol and volatile compounds in VOO using progressive TEOPAC at three ripening stages of olives. The phenol concentration in virgin olive oil progressively decreased with increasing TEOPAC. On the contrary, a positive relationship was found with the concentration of several volatile compounds responsible for virgin olive oil aroma. However, the effect of TEOPAC was strictly related to fruit ripening. (Kalua et al., 2006) .
Parameter
Discriminant variables Impact on flavor By monitoring the main process parameters (oxygen availability in the malaxer head-space, temperature, and time), a selective control of enzyme activities as PPO and POD can be performed. So, the introduction of the new generation of malaxation equipments, such as covered malaxer, permits the regulation of O 2 concentration in the malaxer headspace. Under these conditions, it is possible to increase hydrophilic phenol contents in the olive pastes and in the corresponding VOO, because of the decrease of phenol oxidation catalyzed by endogenous oxidoreductases. Moreover, in covered malaxer, oxygen concentration can be regulated either by the CO 2 naturally produced by the olive pastes during malaxation or using inert gases (Parenti et al., 2006) . In fact, saturating the headspace of the malaxer with CO 2 allows the reduction of oxidative phenomena avoiding the use of expensive inert gases (Servili, 2014) .
Preliminary studies on some Italian cultivars have been performed to define the best malaxation conditions, in terms of temperature and O 2 concentration. The recommendations are: malaxation should be carried out without oxygen for the cvs with low phenol content, whereas malaxation should be carried out with controlled supplementation of oxygen for those cultivars characterized with higher phenol contents . Thus, the optimization of temperature and oxygen concentration requires specific research for each individual cultivar (Selvaggini et al., 2014) .
Fruits from Coratina cultivar are characterized by high amount of phenols and low PPO and POD activities (Servili et al., 2007) . The low activity of these enzymes can explain that an increase of O 2 in the pastes produces a reduction of phenol content in the oils, lower than that connected with the malaxation temperature. As a consequence, in Coratina cv. low processing temperatures seem to be more important than high oxygen concentrations in the reduction of the hydrophilic phenolic compounds in the oils. This phenomenon could be explained by reduced activity of the depolymerizing enzymes in the pastes that decrease the release of phenols from the cell wall into the olive oil (Selvaggini et al., 2014) .
When pastes were malaxed under a nitrogen atmosphere, oxidation reactions are repressed and no statistical differences were observed in the phenolic concentration of oils obtained from only crushed or malaxed pastes (Garc ıa et al., 2001a) . However, the industrial use of nitrogen during olive oil processing may have some drawbacks. First, nitrogen should be employed not only during the malaxation step but also during crushing. If oxygen is not removed from the paste during crushing, o-diphenols may be oxidized, even if the paste is malaxed under nitrogen. Second, the malaxer machine should be sealed; otherwise a continuous flow of nitrogen in the malaxer should be maintained. Third, from a sensory point of view, an increase of total phenols in oils must also enhance the bitter taste of some olive oils (Garc ıa et al., 2001a) . Therefore, extended induction oxidation time due to increased antioxidant activity was observed in these oils (Yorulmaz et al., 2011) .
The reduction of O 2 concentration in the malaxing chamber, to values lower than the O 2 concentration in air, significantly reduced the formation of lipoxygenase derived volatiles decreasing odors and flavors of artichoke, fresh fruity, and fresh cut grass in VOO (Pastore et al., 2014) .
Adjuvants
In olive oil extraction process, 10-20% of the oil remains inside the unsheltered cells or is left in the colloidal system of the olive paste -microgels -and some is bound in an emulsion with the vegetable water (Esp ınola et al., 2009). The difficulty to extract this "bound" oil lies mainly in the fact that the droplets of dispersed or emulsified oil are surrounded by a lipoprotein membrane (phospholipids and proteins) that keeps them in that state. The smaller the size of the droplets, the greater their stability. When this phenomenon is more pronounced, the obtained pastes are called "difficult pastes" and the positive effects of using processing aids are particularly important for these pastes (Petrakis, 2006) .
During the last decades, several studies have been performed in order to improve the yield and the quality of olive oil by using processing aids, such as natural microtalc, sodium chloride, enzymes or calcium carbonate adjuvants (Alba et al., 1990; Alba-Mendoza et al., 2005; Esp ınola et al., 2009 Esp ınola et al., , 2011 Moya et al., 2010; P erez et al., 2008) . For inorganic adjuvants the results obtained can be quite different, and very dependent on cultivar, ripening index (Table 8 ) and extraction conditions (water addition in malaxation, temperature, time).
According to the EU 2568/1991 and 1989/2003 standards, adjuvants can be added, during malaxation to breakdown emulsions in order to promote a high oil extraction yield. The most frequently employed adjuvants are microtalc and in some countries, although not in Europe, enzyme preparations are used.
For some researchers, adjuvants should always be added in olive oil technology, especially in pastes without adequate rheological properties for phase separation in malaxation. With adjuvants higher yield oil, and a great contribution to environment, as less CO 2 is emitted, less water is consumed and all the olive oil process is more profitable, without modification of olive oil characteristics. The presence of NaCl in the olive pastes increases the density and the ionic strength of the aqueous phase, which may affect the solubility of certain compounds and may even modulate the activity of enzymes during the malaxation process. In addition, physico-chemical quality parameters of the VOOs were not significantly affected by the use of this adjuvant (Cruz et al., 2007) . The addition of NaCl during the extraction process was positively correlated with the presence of o-diphenol compounds and the stability of the oils obtained. Furthermore, the use of NaCl resulted in a significant increase in the contents of b-carotene, lutein and chlorophylls a and b in the oils. The intensity of bitterness was slightly increased (Cruz et al., 2007) .
Natural microtalc, which consists of hydrated magnesium silicate, Si 8 O 20 Mg 6 (OH) 4 , is the most important adjuvant used by the olive oil industry, due to its hydrophobic surface and a platy particle shape that adsorbs the natural emulsifiers from the surface of the olive oil droplets. An increase in the amount of extracted oil can be observed with microtalc addition, since it promotes the coalescence of the small oil droplets making easier to separate the oil by centrifugation. Microtalc does not react with oils because of its crystalline structure and water affinity and it is easily removed by centrifugation together with olive pomace due to its high density (2.72 g cm ¡3 ) and water affinity (Esp ınola et al., 2009) . The doses for talc addition referred in the literature for olive oil extraction are in the range between 0.5-2% (Clodoveo, 2012; Servili et al., 2012; Uceda et al., 2006) . However, excessive doses can have a negative effect on the extraction process, since the higher pomace oil content does not compensate for the oil content of wastewaters (Uceda et al., 2006) . The particle size of the adjuvant could affect the oil yield: the extraction yield decreased as the particle size increased. For the same particle size, calcium carbonate was found to extract a greater oil amount than talc (Moya et al., 2010) .
Results from the studies on talc addition show that this adjuvant does not exert any alteration on the VOO quality parameters prescribed by EEC Regulations and successive amendments (Ben-David et al., 2010; Caponio et al., 2014a; Carrapiso et al., 2013; Cert et al., 1996; Moya et al., 2010; Pita et al., 2011) . VOO obtained with talc addition had a similar storage behavior, as those extracted without talc, during six month storage (Caponio et al., 2014a) . Addition of talc in two phase decanter increased oxidative stability, but with no effect in total phenols (Cert et al., 1996) . Talc addition ("Talcoliva") in doses of 5.7% produced a reduction in tocopherols of about 12% (Carrapiso et al., 2013) .
Enzyme preparations are used as processing aids in several food industries. In olive oil technology, several promising studies were performed with the addition of blends of hemicellulases, cellulases and pectinases (Alba-Mendoza et al., 1987; Servili et al., 1992; Di Giovacchino, 1993; Ranalli and De Mattia, 1997; Ranalli et al., 1998; Ranalli et al., 2001b; Vierhuis et al., 2001; Servili et al., 2002b; Ranalli et al., 2003a; Ranalli et al., 2005; Aliakbarian et al., 2008; De Faveri et al., 2008;  Najafian et al., 2009; Iconomou et al., 2010; Chih et al., 2012; Peres et al., 2014) . Table 9 summarizes some studies performed with enzyme addition usually at the beginning of malaxation, main enzymatic activity, source, dose, and yield increase in olive oil extraction. Usually, enzyme formulations increase both yields and quality level of VOO. Higher contents of phenols, volatile compounds and other key unsaponifiable components are present affecting positively the flavor, odor and shelf-life (Di Giovacchino, 1993; Ranalli and Ferrante, 1996; Ranalli and De Mattia, 1997; Ranalli et al., 1999; Garc ıa et al., 2001b; Ranalli et al., 2003b; Ranalli et al., 2004; Aliakbarian et al., 2008; De Faveri et al., 2008) . The addition of commercial enzyme preparations during malaxation can reduce the complexation of hydrophilic phenols with polysaccharides, increasing the concentration of free phenols in the olive paste (Vierhuis et al., 2001 ). However, due to their hydrophilicity, considerable amounts of these phenols may be lost in wastewaters. The variations in total phenols are quite dependent on the cultivar. Canamasas and Ravetti (2011) did not found any increase in phenol contents for "Barnea" cultivar when four different enzyme preparations were added at processing plant level, and lower phenol contents were achieved when Pectinex Ultra SP-L was added to Arbequina cultivar (Abencor trials). The study of evaluation the authenticity/genuinity of the VOO with enzymes addition shows that no relevant changes occur in compounds like triacylglycerols, waxes, sterols, and triterpene dialcohols (Ranalli et al., 2003b) . The addition of the enzyme NZ 33095 promoted lower pyropheophytins values and higher 1,2-diacylglicerols contents in VOO (Canamasas and Ravetti, 2011) .
The effect of the simultaneous addition of microtalc and enzymes on extraction yield and on olive oil quality and composition was studied by us at lab scale in an Abencor system. Results for Galega Vulgar (black fruits, ripening index (RI) of 6.5) showed that the best extraction conditions are for enzyme (Endozym olea) higher than 0.1% (v/w) and microtalc (FC 8-AW) 0.4-0.5% (w/w) (Fig. 5) .
Since the first of March 2014, the European Union established the limit of 40 mg kg ¡1 of fatty acids ethyl esters (FAEE) for the EVOO category. Following the recommendations of IOC the limits for FAEE will be 30 mg kg ¡1 in 2015/16 and thereafter (Reg (UE) 1348/2013). So, it is important to evaluate the effect of talc or enzyme addition on the presence of these compounds that result from inadequate practices during olive oil extraction and from using poor quality olives (Giuffr e, 2014). Table 10 shows that no effect in sterols and FAEE content was observed (t test, p > 0.05) after microtalc (FC 8-AW) and enzyme (Endozym olea) addition in Galega Vulgar (RI D 6.5).
In two-phase decanters water addition in malaxation is considered to have a great impact in pastes extractability, when olive moisture content is very low (lower than 45%). Consequently, in these systems water addition is considered as an adjuvant.
Solid-liquid extraction
The extraction system (pressure or centrifugation) plays an important role in the presence of volatile and phenolic compounds in VOO. All systems may provide extra VOO if olive fruits are of good quality, but the centrifugation system helps to avoid or reduce the risk of sensory defects ascribed to the use of recycled mats in pressure systems (Di Giovacchino et al., 2002) . The solid/liquid pressure method is only a valid form of producing high-quality olive oil, if after each extraction, the mat disks are properly cleaned in order to avoid the development of unpleasant odor notes arising from endogenous or microbial enzymatic activities in pastes (Angerosa et al., 2004) . In this extraction method, the addition of water is minimal when compared to the continuous system. Thus, the hydrophilic phenol compounds are usually maintained in VOO. On the contrary, the exposition of olive paste to the action of oxygen and light is high.
Nowadays, the majority of VOO in the market is currently extracted by centrifugation. The first operating patents, including the patent by Corteggiani, date back to 1956, followed by the manufacture of olive oil machines by new companies in the early sixties. In 1965, Alfa -Laval Company constructed the "Centriolive Plant", with a three phase "De-Sludger" centrifuge (Ranalli and Martinelli, 1995) . This machine, called decanter, consists of a drum containing a cylindrical and a conical part with a horizontal axis, inside which an additional cylinder worm is placed, which acts as a screw conveyor. The differential speed of the latter is slower than that of the outer drum, in order to discharge the solid part. The three-phase decanter was till 1992 the only horizontal centrifugation system to perform solid/liquid separation. In the last decades, this extraction system was modified in order to reduce the amount of water used during the process. According to Servili et al. (2012) the decanters can nowadays be classified as follows:
(a) traditional three phase decanters with water addition between 0.5 and 1 m 3 per t; (b) new three phase decanters, maximum level of water addition 0.2 and 0.3 m 3 per t; (c) two phase decanters that can work without water addition. In the traditional three-phase decanters, where the oil is separated both from the vegetation water and from the pomace, the humidity level of the pastes must be fixed between 50 and 55% in order to reduce their viscosity. In addition to the high amounts of vegetation water produced, this implies a decrease in the oil quality, mainly due to the removal of hydrophilic phenol compounds of VOO (De Stefano et al., 1999; Di Giovacchino et al., 2002; Servili et al., 2004) . The addition of warm water, used to dilute the olive pastes in these three-phases decanters, can explain the decrease in C6 alcohols, hexan-1-ol, and trans-2-hexen-1-ol when compared to oils obtained in pressing systems (Angerosa et al., 2004) .
The evolution of this technology for two and three-phase decanters with low water consumption results in VOO with phenol contents higher than those extracted by the traditional centrifugation process. This is mainly due to a decrease in hydrophilic phenolic compounds in the vegetation water (Aparicio and Luna, 2002; Gimeno et al., 2002; Servili et al., 2009) . Moreover, the two-phases centrifugal decanters, operating without adding water (or only a minimal amount of water) to olive paste, save heat, energy and the oils obtained are more fruity and have a higher content of antioxidants (Di Giovacchino et al., 2002; Kalogeropoulos et al., 2014) . Table 11 summarizes the main differences in some compounds present in VOO obtained by three or two phase decanters.
The type of oil extraction plant (three or two phases) markedly affects the level of the hydrophilic phenols in the oil and consequently the related sensory attributes of bitter, pungency and astringency, as well as the level of autoxidation hydrocarbons, esters from fermentations, keto acids derivatives, and all the LOX derived groups, except for C6 aldehydes (Pastore et al., 2014) . Drum speed can also affect phenol and volatile contents of VOO. The oils extracted at lower drum speeds are usually bitterer and show higher peroxide and K 270 values, as well as higher amounts of volatile compounds related to aldehydes oxidation (Caponio et al., 2014b) Whatever the centrifugal technology used, pomace has always a high level of oil. Pomace olive oil creates damages to the image of the VOO and competes with VOO determining a detrimental effect on the prices and on producer incomes (Clodoveo et al., 2014 ). This will be overcome by the introduction in 2012 by Pieralisi Company, of a multi-phase decanter, the "Leopard two-phase decanter," that changes the byproducts, producing a dehydrated husk similar to the one coming from a three-phase decanter; it also separates the pulp from the husk, obtaining an ingredient for composting or animal feeding.
Liquid/liquid separation
The oil phases are further clarified in an automated discharge vertical disk centrifuge by the addition of tepid water. Vertical centrifugation removes the residual water and the solid impurities from the oil, reducing the VOO moisture content to a mean value of about 0.18% (Masella et al., 2009 ). However, the addition of water reduces the content of hydrophilic phenols. Also, vertical centrifugation causes a strong oxygenation of the VOO resulting in a marked increase of dissolved oxygen concentration (Masella et al., 2009; Parenti et al., 2007) . This condition can lead to a noticeable shortening of the oil shelf-life as a consequence of accelerated oxidation (Clodoveo et al., 2014) . A decrease of C6 and C5 volatile compounds has been observed during the vertical centrifugation as compared to noncentrifuged VOO (Masella et al., 2009) .
Since the vertical centrifugation is the processing step that mainly contributes to the oil oxygenation, blanketing the vertical separator with an inert gas would be a feasible way to reduce the dissolved oxygen concentration. VOO vertical centrifugation under inert gas promotes a strong reduction of the oil oxygenation, in terms of reduced dissolved oxygen concentration and oxidative indexes (peroxide value and K 232 ). Moreover, minor compounds such as chlorophyll, total phenols and volatile compounds are not affected by this treatment (Masella et al., 2012) .
Storage of olive oils
The storage of olive oils in stainless steel tanks after extraction is actually a common practice all over the world. The maintenance of a constant temperature inside the tank between 12 and 22 C, before bottling, is a recommended practice (IOC, 2006) . Important losses of chlorophyll, carotenoids, and total phenols in oils occur during the storage period due to oxidation (Psomiadou and Tsimidou, 2002) . A significant decrease in secoiridoid derivatives and 3,4-DHPEA-AC was observed after a year storage period, while lignans were the most stable phenol compounds and a-tocopherol disappeared after the storage period . Similarly, the main change found in the phenol composition of virgin olive oils of Arbequina, Hojiblanca, and Picual varieties, during storage in darkness at C total phenols C steroid hydrocarbons C orthodiphenols C waxes C hydroxytyrosol C tocopherols C reducing power 30 C was the hydrolysis of the secoiridoid aglycons. This reaction gave rise to an increase in hydroxytyrosol and tyrosol in VOO (Brenes et al., 2001) .
Volatile compounds, responsible for off-flavors in VOO, such as hexanal, octane and other C8 and C9 compounds, are formed through nonenzymatic oxidation during VOO storage, favored by high temperatures, oxygen, light, and pro-oxidants compounds. When VOO was stored in contact with air the levels of some negative sensory components, such as penten-3-ol and hexanal increased while other compounds with positive notes, like trans-2-hexenal were reduced (Stefanoudaki et al., 2010) . Recently, the use of stripping nitrogen to remove the dissolved oxygen from the oil, immediately after extraction has also been suggested, in order to increase VOO shelf life (Masella et al., 2010) .
Therefore, the main deteriorative reaction that occurs during storage is oxidation but the endogenous enzymatic activities contained in the cloudy phase can modify the olive oil phenolic composition . Cloudy, or veiled VOO contains polyphenols, phospholipids, and sugars, but it can also contain hydrolytic and oxidative enzymes, such as lipases, LOX, and polyphenol oxidases. These enzymes may reduce the "pungent" and "bitter" sensory notes, the intensity of which is strictly linked to the content of aglycon secoiridoids, and, at the same time, can produce olfactory and taste defects. Consequently, the olive oil profile changes during its storage, due to the simultaneous drastic reduction in compounds by the LOX pathway and to the formation of new volatile compounds, responsible for some common defects as "rancid," "cucumber" and "muddy sediment" (Angerosa et al., 2004; Aparicio et al., 2000; Morales et al., 1997) . This is accompanied by the increase in saturated aldehydes nonanal and hexanal, coming from the oxidation process (Angerosa et al., 2004) .
The racking operation generally leads to a relative decrease of C6 volatiles vs. C5 components, what gives to the resulting oils a more intense bitter character. Moreover, minor alcohols with odor activity levels (OAVs) higher than 0.2, namely 2-methyl-1-butanol and 3-methyl-1-butanol (with whiskey-like and spicy notes), have a slight trend to increase while minor aldehydes with OAVs that can be as higher as 150, such as 2-methyl-butanal and 3-methyl-butanal (with malty nuances), can be much higher in the oils after racking (ReboredoRodr ıguez et al., 2013).
Filtration of VOO
The filtration process of VOO is a procedure carried out in two steps: first, the suspended solids are removed, and after water traces are removed to give the oil a brilliant aspect (L opezVillalta, 2008) . Together with water, enzymes are also removed from VOO. Thus, VOO phenol content is maintained, which contributes to its stabilization during storage. Generally, organic or inorganic materials are used in conjunction with a variety of filtration equipment to enhance or enable the separation of suspended solids and water from the oil by filtration (Lozano-S anchez et al., 2010) .
Veiled oils were found to have longer induction periods, compared to filtered ones (Lercker et al., 1994 ). It appears that the material in suspension-dispersion that "veils" the oil plays an important role against oxidation, although there is little evidence concerning the chemical nature of the compounds participating in the stable dispersion system. Higher total phenol content in veiled oils in relation to filtered ones may partly explain the higher stability of these VOO (Tsimidou et al., 2005) .
During filtration, a loss of phenols occurs favoring a reduction of oxidative stability. However, the presence of sediment from unfiltered VOO during its storage, can lead to the production of the typical "muddy" defect, probably due to a butyric type fermentation process . Therefore, the filtration of VOO can avoid the fermentation of sugars or proteins producing volatile compounds responsible for this sensory defect (Clodoveo et al., 2014) .
Other possible explanation might be the presence of emulsifiers (e.g. phospholipids) in higher amounts in cloudy VOO than in filtered ones (Koidis and Boskou, 2006) .
It has also been suggested that small quantities of proteins may contribute to the higher oxidative stability of unfiltered olive oils (Zamora et al., 2002) . There is a discrepancy in the literature concerning the level of proteins and values varying from 0.1 to 400 mg kg ¡1 have been reported (Georgalaki et al., 1998) . Koidis and Boskou (2006) demonstrated that the level of proteins in cloudy olive oil is very low, not exceeding 2.5 mg kg ¡1 oil. This indicates that a great antioxidant activity cannot be expected from proteins in the presence of strong antioxidants (a-tocopherol, o-diphenols) at much higher concentrations. A lipoxygenase activity has also been detected in freshly prepared olive oil (Georgalaki et al., 1998) .
Although the presence of a small quantity of water in nonfiltered oils, a favorable condition for enzymatic activity, these oils have higher oxidative stabilities. Boskou (2006) assumed that the polar phenol compounds present not only act as primary antioxidants, but also as inhibitors of oxidizing enzymes. Ciafardini and Zullo (2002) identified yeasts as the dominant microbial population in nonfiltered VOO during the sedimentation period. The authors suggested filtration as a mean to ensure high quality extra virgin olive oil, despite the serious reduction in polar phenols.
Filtration and especially dehydration could help to prolong the shelf life of high-quality and less stable olive oils like those obtained from the Arbequina cultivar (Fregapane et al., 2006) . Several results show that the impact of filtration depends on each monovariety olive oil. Thus it could be useful to develop targeted technologies for specific VOO quality improvement (Bubola et al., 2012) .
Conclusions
In the last years, the focus of innovation in olive oil technology has been more and more on promoting the aspects that are related with health issues and sensory quality of VOO. In fact, the consumer demand shows an increasing interest towards a product with hedonistic and healthy value. Olive oil extraction is not just a mechanical process. Several biochemical and chemical reactions can occur, from the ripening of the drupes till the end of oil storage. Therefore, it is very important to have a better knowledge of all the factors that influence VOO extraction system in order to develop useful solutions to increase oil yield, process efficiency and quality.
A better understanding of the behavior of endogenous enzymes as well as the use of adjuvants during olive oil extraction, may allow establishing specific technological conditions for each cultivar or blend of cultivars. Such studies are multidisciplinary joining backgrounds on biochemistry, chemistry, technology and physics, in a joint effort to bring VOO with high nutritional value and sensory balance.
